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Abstract 
To help monitor the evolution of stored CO2, we have made precision seafloor gravity 
measurements at 30 seafloor stations above the Sleipner CO2 plume in the years 2002, 
2005 and 2009. Each epoch of gravity data has an intra-survey repeatability of about 
3 Gal (standard deviation), obtained using state-of-the-art instrumentation on top of pre-
deployed seafloor benchmarks, with typically three visits on each location during a 
survey. We used three relative quartz-spring Scintrex CG-5 gravimeters in a unique 
offshore instrument package. Ocean tidal fluctuations and benchmark depths were 
determined using both pressure gauges on the gravity survey tool and stationary 
reference pressure gauges on the seafloor.  
 
We analyzed and accounted for multiple sources of changes in gravity to obtain an 
estimate of in situ CO2 density. First, the injected CO2, 5.88 million tonnes during this 
time period, displaces denser formation water, causing a negative gravity change above 
the plume. This is the signal of interest for this study. At the same time, hydrocarbon gas 
production and water influx into the deep, nearby gas reservoir cause an increase in 
gravity of higher amplitude and longer wavelength. Finally, by observing vertical depth 
changes of the seafloor benchmarks between surveys to mm precision, we quantified 
vertical benchmark movements caused by sediment scouring. Some of the benchmarks 
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have experienced more than 10 cm vertical movement over the 7 year duration of the 
experiment, and erosional topography can be seen in a >10 m broad area around some of 
the benchmarks. The shifting sediment can also cause a change in the observed vertical 
gravity gradient. We inverted the gravity changes for simultaneous contributions from: 
i) injected CO2 in the Utsira Formation, ii) water flow into the Sleipner gas reservoir, and 
iii) vertical benchmark movements. We estimate the part of the change in gravity caused 
by CO2 injection to be up to 12 Gal. If we assume a geometry of the plume as seen in 
4D seismic data, the best match to the 30 stations requires an average CO2 density of 
720±80 kg/m3, neglecting dissolution of CO2 into the formation water.  
 
While the CO2 in the Utsira Fm. at Sleipner is supercritical, it is fairly close to the critical 
point; therefore only a slight increase in temperature could lower the density 
significantly. Density is also sensitive to impurities, which make up 1-2 % of the injected 
material at Sleipner and reduce the density slightly. In the absence of down hole gauges 
in the injection well, we estimate the well-bottom CO2 temperature to be 48oC and 
pressure to be hydrostatic (~105 bar). These conditions give a calculated density of 
485 ± 10 kg/m3 at the perforation. Density is expected to increase away from the well as 
CO2 cools down from contact with the cooler formation, up to a maximum of about 
710 kg/m3. The distribution of temperature and density within the plume is difficult to 
model exactly, but most of the CO2 is expected to cool down to initial reservoir 
temperature (~35.5oC at the perforation) except for a central high-temperature region 
where CO2 is still near the injection temperature. Because the undisturbed formation 
temperatures and the injection temperature are fairly well known, the 2002-2009 gravity 
change can be used to constrain the rate of dissolution of CO2 into the formation water. 
Dissolved CO2 is invisible in seismic data. The contribution from gravimetric data could 
therefore be highly valuable for monitoring this process, which is important for long-term 
predictions of the CO2 stored in the Utsira Fm. We give an upper bound on the 
dissolution rate of 1.8% per year. 
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1. Introduction  
The Sleipner CO2 storage project is the world’s largest and longest running Carbon Capture and Storage 
(CCS) project [1, 2]. Since 1996, 12 million tonnes of CO2 have been injected into the Utsira Fm. The 
subsurface CO2 plume has been monitored from the surface by six time-lapse seismic surveys [3, 4]. To 
help monitor the evolution of stored CO2, we made precision seafloor gravity measurements at 30 seafloor 
stations above the Sleipner CO2 plume in 2002 and repeated them in 2005. Based on these measurements, 
we calculated the average CO2 plume density [5, 6] after the effects from the deeper gas reservoir and from 
vertical movements of the seafloor concrete benchmarks were subtracted, and the plume geometry was 
constrained from seismic data. We estimated a lower bound on average in-situ CO2 density of 640 kg/m3 
(95% confidence) [6]. 
 
The CO2 is being injected in a two-phase flow at the well head [1, 2] with no down-hole sensors, nor 
gas/liquid ratio measurements. Consequently we cannot calculate bottom hole pressure and temperature 
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without making some assumptions. A reasonable one is that any pressure build-up is small, which is 
supported by the seismic monitoring showing vertical flow and topography control [3, 4]. 
 
In 2009, we made a second repeat gravity survey; an additional ten benchmarks were added to extend the 
grid northwards, in the direction of observed plume growth. The aim was to further narrow the uncertainty 
bounds on average CO2 density, and investigate whether effects such as the temperature distribution within 
the plume or dissolution of CO2 in the formation water could be detected. 
2. Time-lapse gravity measurements 
The methodology of acquiring high-precision time-lapse gravity data on the seafloor has been described 
earlier [7, 8]. Survey layout is shown in Figure 1, together with the seismically defined outline of the CO2 
plume in 2008. Some key numbers for the surveys are listed in Table 1. 
 
Figure 1: The survey layout, with contours of the CO2 plume and the deeper Sleipner Øst Ty gas-condensate reservoir.  
Year No. of 
visits 
No. of 
benchmarks 
Gravity
repeatability  
Depth
repeatability  
   [Gal] [mm] 
2002 111 30 3.9 2.5 
2005  97 30 4.3 3.1 
2009  140 40 2.2 2.8 
Table 1: Summary of key parameters for the datasets. 
A discussion of the uncertainty in these data is required to assess the strength of our further analysis. The 
quartz-spring gravity sensors display a large, but almost linear drift with time. The main sources of error in 
the measurements are deviations from linear drift. To quantify and correct for the variations in drift rate, 
we make redundant measurements – at Sleipner we have typically visited each benchmark three times 
during a survey and used three gravity meters during each visit. This allows both for a good constraint on 
the drift variations, and a quantification of the measurement repeatability. Although drift variation is 
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basically an intrinsic property of the quartz springs, it is also affected by environmental conditions like 
mechanical shocks or changes in ambient temperature. In the processing we model the drift as polynomials 
(typically 1st to 3rd order) in a set of time intervals, often determined by weather delay or events like a 
rough landing of the ROV (Remotely operated underwater vehicle) on deck.  
 
In choosing the appropriate drift polynomial, we optimize the repeatability [8]. However, in principle you 
could easily force the repeatability down to zero by introducing as many drift coefficients as there are 
measurements. To test the uncertainty in choice of drift model, we have designed two different drift models 
for each of the surveys. In the base case model we have chosen the drift polynomials and drift intervals so 
that there are no obvious time-dependent structure in the residuals (after drift correction), and the other is a 
simpler model with mainly linear drifts and a minimum number of drift intervals.  
 
The time-lapse precision of the measurements (taking into account the number of repeat benchmark visits 
and the overall repeatability of each survey) is different for each location, but the average 1-sigma error is 
3.6 μGal for the 02-05 difference, 3.2 μGal for the 05-09 difference and 2.7 μGal for the 02-09 difference.  
 
Since 1 MT of CO2 injected into the Utsira Fm. gives rise to a seafloor gravity change of around 2 μGal 
(depending on in-situ CO2 density), the signal-to-noise ratios in the 02-05 and 05-09 differences are less 
than 2:1, while the 02-09 difference has a 4:1 s/n ratio. Therefore it is mainly the latter that will provide 
reliable information about the CO2 plume, although we will keep all data in our further analysis. 
3. Temperature distribution of the CO2 plume 
Previously there has been some discussion on the initial temperature of the Utsira Fm. due to the lack of 
accurate down-hole data [5]. However, recent temperature measurements from the water producing well 
15/9-F-7 at the Volve field some 10 km north of the injection site, has narrowed down the uncertainty. A 
pressure and temperature gauge was placed at about 768 m below msl, while a perforation was placed 
within Utsira Fm., which is situated at depths from 822 m (top) to 1009 m (bottom) below msl. 50 inactive 
days after drilling, temperature readings of 27.4 – 27.7 oC were taken, and later at flowing conditions, the 
temperature was stable at 32.2 oC. These results are consistent, and narrow the uncertainty down to ±0.5ºC. 
The temperature and pressure in Utsira Fm. are then estimated to be 
  (1) 
( ) 101.1 bar/km 2.4 bar ( 0.2 bar)
( ) 31.7 C/km 3.4 C ( 0.5 C)
P z z
T z z
   
      
where z is the depth measured in km. 
 
At the injection point, CO2 is in the supercritical phase. No down hole gauges are available, and 
temperature is estimated at 48.1 ± 0.1oC and a density of 485 ± 10 kg/m3 at the bottom of the hole. These 
values are obtained by solving the flow equations along the well from the well head (P = 64 bar, T = 25ºC, 
two-phase flow) to the injection point (P = 105 bar). This assumes hydrostatic pressure--if any significant 
pressure build-up has taken place, this would change the bottom hole temperature. For instance, a 1 bar 
pressure increase at the injection point corresponds to 0.1ºC higher CO2 temperature and 10 kg/m3 higher 
CO2 density at the injection point. However, well head pressure would not need to change, only the 
gas/fluid ratio.  
 
In the reservoir, most of the injected CO2 will be cooled down to the initial reservoir temperature. This 
corresponds to a density of 700 ± 10 kg/m3 at injection depth and 710 ± 10 kg/m3 at top Utsira. However, 
with time a temperature front will develop, where the central part of the CO2 plume will have a higher 
temperature. Expansion of CO2 from the injection point up to top Utsira at constant enthalpy (i.e. no heat 
exchange with surroundings) corresponds to a temperature of 36.6 ± 0.1ºC and a density of 425 ± 10 kg/m3.  
 
An exact quantification of the temperature distribution in the CO2 plume needs a more detailed and 
complex modelling than we have been able to, but a rough estimate can be obtained by assuming that the 
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temperature front is sharp, i.e. that the CO2 (and the Utsira reservoir) is either at initial reservoir 
temperature, or at the high temperature set by the injected CO2. In addition to the reservoir rock it 
infiltrates, the CO2 also heats up the surrounding brine-filled reservoir. The heat diffusivity of brine-filled 
sandstone is low (~ 25 m2/year) which means that heat will flow mainly vertically between each CO2 layer. 
It is a simple exercise to show that if we assume the high-temperature region to be cylindrical and spanning 
the entire height of the CO2 plume, and compare the energy released when CO2 is cooled down to the 
initial reservoir temperature with the energy required to heat up the reservoir in the high-temperature 
region, a (constant) fraction of 7% of the CO2 will be in the high-temperature phase. This corresponds to a 
reduction of average CO2 density from 705 kg/m3 to 675 kg/m3, relative to the “initial reservoir 
temperature” model. Taking uncertainties in this model into account, we estimate the true average CO2 
density in Utsira Fm. to be  
 
 
 (2) 
2
3675  20 kg/mCO  
4. Analysis methodology 
Earlier work [5, 6] has focused on constraining the in-situ CO2 density based on the time-lapse gravity 
data. Seafloor gravity change is determined by changes in the subsurface density distribution. The injected 
CO2 will displace brine and cause a reduction in density locally (as there is good communication over large 
distances in Utsira Fm., the displaced brine will be distributed across a large area). To a first 
approximation, the amplitude of the gravity signal is given by the net subsurface mass change: 
 
2 2 2 2
( ) (1CO CO brine CO brine COM V M )  	  
  
   (3) 
Note that for instance a CO2 density of 500 kg/m3 will give three times the gravity change caused by a 
density of 750 kg/m3. Because the pressure and temperature in Utsira Fm. are close to the critical point of 
CO2 [5, 6], this density range corresponds to as little as a 5 degree change in CO2 temperature, which was 
not ruled out by other data [5]. The precision of the first repeat gravity survey allowed us to put a lower 
limit on CO2 density of 640 kg/m3 at 95% confidence [6].  
 
In light of the updated density estimate, Eq. (2), the current gravity data will not be able to improve on the 
uncertainty span, and a similar analysis as performed in [6] can only hope to confirm that the gravity data 
is in agreement with the above analysis. However, in addition to the CO2 density, the gravity change is also 
affected by dissolution of CO2 into the brine. This is an important process which ensures a long-term leak-
proof storage of CO2, since saturating brine with CO2 increases its density by around 1% and the CO2-
saturated brine will therefore sink to the bottom of the formation. However, there is a large uncertainty in 
the dissolution rate of CO2 into brine. [9]  
 
If a fraction  of the CO2 is dissolved into brine, this modifies the net reservoir mass change (3) as follows 
 
2 2 2 2 2
( ) 1 (1 )CO CO brine CO CO brine COM V M M      ) 	  
   
 
  .
 (4) 
Note that the volume of free CO2 in Eq. (4) is 2 2(1 ) /CO CO COV M 2  
 . Performing our analysis without 
taking dissolution into account will increase the observed density by a factor 1/(1-). As long as  is small, 
it will increase almost linearly with time. We assume that dissolution is taking place at a constant rate 
proportional to the mass of CO2 in the plume, i.e. that a certain fraction a of the plume will be dissolved 
per year. If the injection rate had been constant, then the fraction of dissolved CO2 would initially grow as 
 = a·t/2, where t is the number of years since the start of injection. If the density estimate is based on a 
base survey at time t1 and a repeat survey at time t2, the observed density is then increased by a factor 1/(1-
a·(t1+t2)/2). Taking the exact injection history at Sleipner into account, it turns out that for the time span of 
our surveys, the observed density will be  
  
2observed CO
1 10.0yra  
   (5) 
where a is the fraction of the plume dissolved into brine per year. 
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5. Interpretation of gravity data 
The interpretation is basically the same as in [6]. In addition to the gravity signal from the CO2 plume, 
there is also a significant gravity signal due to production of hydrocarbons from deeper Ty Fm. and Hugin 
Fm. reservoirs. We have modelled this by fitting a set of reservoir simulation models to both production 
and gravity data. To try to quantify the uncertainty in this contribution we have kept a few models with 
different values for aquifer sizes and residual gas saturation in our analysis. Also, the seafloor benchmarks 
have experienced significant settling (of order several cm per year). The corresponding vertical gravity 
gradient depends on details of the displaced sediments around the benchmarks and is kept as a free 
parameter in the analysis (but assumed to be the same for all benchmarks and vintages). The gravity 
forward-modelling of the CO2 plume is based on the 4D seismic data, which to a good approximation 
determines the shape of the plume, and the total density change is normalized to the displaced mass M in 
Eq. (3). Both the seismic amplitude data and the travel time shift below the plume are roughly proportional 
to plume thickness, and we have used both these data sets in our analysis.  
 
Figure 2: Observed gravity change 2002-2009, corrected for contributions from benchmark settling and water influx to Ty reservoir, 
together with modelled gravity anomaly due to the CO2 plume. 
Model choice 
Best-fit CO2 
density  
Acceptable 
density range 
2  
(81 d.o.f.) 
 [kg/m^3] [kg/m^3] [-] 
Default 718 671-772 70.0 
Alternative gravity drift in 2009 700 668-738 71.8
Alternative Ty reservoir model 740 694-792 70.6
Plume geometry from timeshifts only 729 686-778 70.5
Plume geometry from amplitudes only 710 669-757 71.1
Table 2: Resulting fit and density estimates. Note that “acceptable” values for CO2 density has been chosen as those which make the 
chi-square value less than 74.0. 
The gravity data from all surveys (in total 88 measurements, since one of the 30 benchmarks was disturbed 
between 2002 and 2005) is thus fitted to a model with 7 parameters: CO2 density, vertical gravity gradient, 
3 scale factors for the simulation models and the zero-level of each gravity survey (as our instruments are 
relative, there is an unknown offset between each survey; note that this introduces only 2 linearly 
independent unknowns). To assess the uncertainty in the result, we have repeated the analysis using several 
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the different choices for (i) the gravity drift correction, (ii) the reservoir simulation model and (iii) the 4D 
seismic attributes for describing CO2 plume geometry. The total misfit was used (normalized chi-square) as 
a measure of the goodness of fit. Our default model, which gives the best fit to the data, uses the base case 
gravity drift model and a plume geometry given by the average of the timeshift and amplitude data. A 
selection of the resulting density estimates are shown in Table 2. 
 
The overall match with data is actually better than what could be expected from the estimated timelapse 
uncertainty (based on repeatabilities in each survey), which might indicate that we have over-estimated the 
uncertainty in our measurements. Average residuals for the best-fit model are as low as 2.7 μGal for the 
02-05 difference, 2.0 μGal for 05-09 difference and 2.1 μGal for the 02-09 difference. It is difficult to give 
a statistically rigorous uncertainty bounds on the CO2 density since there is a significant uncertainty in 
modelling of both the Ty reservoir and the geometry of the CO2 plume, in addition to the more quantitative 
uncertainty in the gravity measurements. If we only consider our default model, a 95% confidence range 
for CO2 density (excluding modelling uncertainty) would be given by all results with misfit less than 74.0 
(within 4 of the minimum value [10]). Our solution has been to test around 100 different combinations of 
gravity drift, reservoir simulation model and plume geometries, keeping the same misfit criteria. This gives 
an observed density estimate of 
  (6) 
2
3
CO ,observed 720 80 kg/m  
where the uncertainty range is increased by 60% compared to the best-fit model alone. 
 
If we now compare this estimate with Eq. (2), we see that even the case with negligible dissolution is in 
agreement with the gravity data. However, we can put an upper limit on the dissolution rate by considering 
Eq. (5). Inserting 800 kg/m3 for the maximum observed density and 655 kg/m3 for the minimum true 
density, we get 
   (7) 1.8% per yeara 
as an upper bound on the dissolution rate.  
 
Figure 3: Map of observed gravity changes 2002-2009 (corrected for measured benchmark settling, and after water influx signal has 
been subtracted). Red arrows denote a reduction in seafloor gravity, and the scale is shown in the bottom left hand corner. Contours 
show modelled gravity response from the CO2 plume (contour spacing is 2 μGal). 
6. Conclusions 
High-precision time-lapse seafloor gravity measurements have proven valuable in monitoring the injection 
of CO2 at Sleipner. We have interpreted the observations from three surveys (2002, 2005 and 2009) by a 
simultaneous fit to contributions from benchmark settling, water influx to a deep hydrocarbon reservoir (Ty 
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Fm.) and CO2 injection to the Utsira Fm. The results indicate that CO2 injection has caused a reduction in 
seafloor gravity of up to 12 Gal in the period 2002-2009, and the average mismatch between modelled 
and observed gravity change is 2 Gal. Estimated average CO2 density from the gravity observations is 
CO2,observed = 720±80 kg/m
3, where the uncertainty range includes a significant contribution from 
uncertainties in modelling water influx to the Ty fm. and in the geometry of the CO2 plume.  
 
Recent measurements from the Volve field has allowed for a more accurate description of the temperature 
distribution in the Utsira Fm. Combined with a detailed analysis of the CO2 injection temperature, this 
gives a strong constraint on the average in situ density of CO2. We estimate that the true average CO2 
density is CO2= 675±20 kg/m
3, and that a small central part of the plume is at approximately 10ºC higher 
temperature than the initial reservoir temperature.  
 
By combining the CO2 density estimate from gravity measurements with the estimate based on the 
temperature measurements, we conclude that the rate of dissolution of CO2 into brine is less than 1.8% per 
year. Future gravity monitoring surveys at Sleipner will continue to improve on this result as the volume of 
injected CO2 increases, improving the signal-to-noise ratio. In addition, the uncertainty in modelling of the 
deeper hydrocarbon reservoir can be expected to be reduced with longer production history and better 
reservoir simulation model history match.   
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